Abstract.MgjFe order in olivine has been determined by X-ray diffraction data, for example by Wenk and Raymond (1973). We have now studied the dependence of the MgjFe order vs. oxygen partial pressure. Two natural olivinesamples of volcanic origin containing respectively 10 and 12 %fayalite wereselected. The atomic positions, anisotropic temperature factors, extinction coefficient and site occupancies have been refined to R-values of 2.2 %. In total seven crystals were studied and the distribution coefficients KD determined. A significant change in the MgjFe order could be detected after subjecting five of the crystals to well defined oxygen partial pressure conditions of 10-16 and 1O-z1bar. An increase of KD from 1.09 and 1.06 (natural) to 1.20 under low pOz conditions could be observed. This means higher order for Fe in M 1. A decrease to KD = 0.80 was found under high pOz conditions, meaning higher order for Fe in M2.
Introduction
The basic structure of olivines (Bragg and Brown, 1926 ) is a close packing of oxygen with Mg and Fe occupying one half of the distorted octahedral interstices, known as M 1 and M 2 sites, and Si occupying one-eights of the tetrahedral interstices (Fig. 1) . Several structures of olivines of different compositions have been refined from X-ray data with emphasis on structural variations. In recent years this interest has been concentrated on the determination of the MgjFe solid solution series. Earlier work on isostructural compounds like monticellite CaMgSiO 4 (Onken, 1965) and glauchroite CaMnSi04 (Caron et aI., 1965) has shown that the cations are ordered in G. Nover and G. Will: Structure refinements of olivine crystals Fig. I . An ORTEP drawing of the crystal structure of olivine these crystals and this has stimulated researchers to look for ordering also in olivines.
For the Fe-Mn-and Mg-Mn-olivines (Brown, 1970; Huggins, 1973) and Ni -Mg-olivines (Rajamani, Brown and Prewitt, 1975) cation ordering derived from X-ray diffraction is in agreement with cation distributions predicted by Burns (1970) . For the Mg-Fe olivines however the problem of cation ordering in the two distinct octahedral sites M 1 (point symmetry Cc 1) and M2 (point symmetry Cs-m) has become a controversial subject in the last years. Partial order was first derived from spectroscopic measurements (Burns, 1970; Bush et aI., 1970) but the results were not conclusive (Burns, 1970) . The latest development of X-ray single crystal diffractometers has greatly improved the quality of the measured X-ray data and thus improved the resolution of such crystal structure refinements. It is possible today to determine electron densities in fraction of an electron. The Mg/Fe distribution and the cation ordering has been measured in several Mg -Fe olivines and in these investigations different degrees of ordering were detected in different crystals. It was not possible, however, to find a correlation between the ordering parameter and thermodynamic parameters, like for example the temperature. For the purpose of describing the cation ordering over the positions M 1 and M 2 we define a distribution coefficient 
Finger (1970) and Finger and Virgo (1971) studied a volcanic olivine crystal from Australia, and a lunar olivine crystal from rock 10020, both of which are believed to have rapid cooling histories. Both samples were reported to show a preference of Fe for the smaller M 1 site (see also the data points in Fig. 5 ). In contrast Wenk and Raymond (1973) in a similar study report a preference of Fe for M 2 in a metamorphic crystal with about 9 mol % fayalite. Brown (1973) , in another study describes small order, which he thinks is insignificant. In his high temperature experiments he finds an increasing distortion of the M 1 site with increasing temperature. Using electron spin resonance techniques Chatlein and Weeks (1973) have found Fe3+ exclusively at the M 1 position, on the other hand Zeira and Hafner (1973) found statistical distribution ofFe3+ between the M 1 and M2 sites.
The results accumulated so far, do not lead to an unambiguous picture for Mg/Fe ordering in olivines and no underlying principle has been proposed to explain the results. Obviously there is no convincing correlation of KD' the distribution coefficient, to the composition; and the quite differnt cooling histories of the crystals tend to have only minor influence on the Mg -Fe ordering.
From measurements of the electrical conductivity of olivines (Will, Cemic, Hinze, Seifert and Voigt, 1979) we have found that the prevailing oxygenpartial pressure is influencing greatly the physical properties of these crystals.We have therefore started to explore also the influence of the oxygen partial pressure on the crystal structure of olivines, especially on the cation ordering. This parameter has up to now been neglected. It is our suggestion that the oxygen partial pressure is the significant driving force for the cation ordering on the Mil M 2 sites in olivines, and we believe we can demonstrate a correlation between the cation distribution and the prevailing oxygen partial pressure.
Our interest has been concentrated on olivines of volcanic origin and we have chosen for our studies natural crystals from the Dreiser Weiher, a quarternary Maar-volcano of the West Eifel, Federal Republic of Germany. In this locality olivines of different compositions are found in ultramafitic nodules, which have reliable analytical data and indications about the cooling histories available (Frechen, 1963; Vieten, 1973) .
In this paper we wish to report the results of several refinements of the structures of differently treated crystals taken from two olivine samples collected at the Dreiser Weiher. The samples are labelled FE 10 and FE 12 referring to their fayalite content of 10 mol % Fa and 12 mol % Fa respectively.The results of wet chemical and microprobe analysis are listed in Table 1 . From this analysis we calculate the actual compositions of We first studied the MgjFe distribution over M 1 and M 2 in the natural untreated crystals. Then we subjected the crystals to various, well defined oxygen partial pressures and studied afterwards the crystals again by X-ray diffraction, thus determining the influence of the oxygen fugacity on the cation distribution.
Experimental procedures a) Crystal selection
Small crystals ranging in size from 0.5 to 4.0 mm were seperated from the nodules. From about two hundred crystals of FE to and eighty crystals of FE 12 only about 20 crystals were found to be free of twinning, intergrowth or cracks by examination under a polarization microscope. For the ensuing measurements on the four-circle-diffractometer these crystals were ground to spheres of about 0.2 mm diameter, a process which tends to introduce cracks. Finally 10 crystals FE to and 5 crystals FE12 were available for X-ray investigations.
b) Data collection
The measurements were done on a computer controlled four-circlediffractometer (Syntex P21) with MoKa radiation (A = 0.71069A) and a graphite monochromator (2 () = 12.2°). The unit cell parameters were determined by least squares calculations from the adjusted settings of 25 independent reflexions. The intensity data were collected in the 0 -2 () scan mode with a 1.00 plus (ab a2) dispersion scan range. The maximum value of 20 was 800 (sin OJA = 0.9 A-I). The scan speed was adjustable between 0.5
Wave length: Refinements of the structures were carried out using a local version of the full matrix least squares program ORFLS (Busing, Martin, and Levy, 1962) 
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Fe all al2 well as with a Cruickshanck (1961) weighting scheme. All atoms were refined for anisotropic thermal vibration, secondary extinction were taken into account according to Zachariasen (1963) . The multiplicity factors in the least squares calculations scale the scattering factors and hence may serve to count the numbers of electrons assigned to each site effectively. From the multiplicity factors the occupation numbers can be calculated and from them the cation ordering.
A least squares refinement of site occupancies has to take into account constraints imposed by the chemical composition and the electroneutrality of the crystals. If we define amnas the fractional occupancy of the site m by the chemical species n, then the equation (3) must be satisfied as a first constraint. As a second constraint the site chemistry must agree with the bulk chemistry, known from the chemical analysis (Table 1) . With Cn= the total number of atoms of the species n (Mg and Fe) per unit cell or per formula unit, and bmthe multiplicity of the site m we get (4) The formal solution of this problem has been derived by Raymond (1972) . For the present case we can express these conditions by a matrix:
CI and C2of Eq, (4) can be calculated from the chemical analysis. In the case of FE to we get CI = 0.216 (concentration of Fe-ions per formula unit), and C2 = 1.784 (concentration of Mg-ions per formula unit). In the least squares calculation it suffices to refine only one variable, VI = all (= Fe on M 1), while the other parameters are determined through the constraints C I' C2 and C 3' This is compactly expressed in matrix notation. The first constraint C 1 imposes the full occupancy of M 1. The second constraint C2 introduces the chemistry through the total amount of Fe known from the chemical analysis, and the third constraint CJ contains the total charge at the positions M 1 and M 2, which is calculated from the chemical composition. From the values amnwhich have been determined by leastsquares refinement procedure for all crystals, the distribution coefficient KDcan be calculated (Eq. 1).
Crystal structure refinements
In total we have made seven measurements and structure refinements on the two types of crystals FE 10 and FE 12. Two measurements were on the original natural crystals and five measurements on the crystals after being treated by different buffering processes. The buffering conditions are summarized in Table 4 .
a) Buffer treatment
Sincewe expect that the MgjFe distribution should depend on the oxygen partial pressure, we have treated the crystals by two p02-pressures as defined by the two different buffer mixtures, namly QFM, consisting of quartz, fayalite and magnetite, and QFl, consisting of quartz, fayalite and iron (Will and Nover, 1979) . At constant T = 750 C we have a pOz pressure of 1O-z1 bar for QFI and oflO-16 bar for QFM. These values are determined by the buffer composition and the given temperature. After each buffer treatment the crystals were studied again as described by a complete X-ray diffraction analysis and their structures refined. The lattice constants of all crystals are included in Table 3 , the corresponding R-values are given in Table 5 and the occupation numbers together with the occupation coefficients KD in Table 6 . The standard deviation of FeM 1 is given in parenthesis.
The error of this value is about 0.4 % for all crystals (KD = :t 1.5 %). Figure 1 depicts the Kj) distribution coefficient of this paper together with previous measurements taken from literature.
h) A tomic positions and hand length
The atomic positions and temperature factors are listed in Tables 7 and 8 for all crystals of composition FE 10 and FE 12. Figure 2 depicts an OR TEPdrawing of the structural section containing M 1 and M 2 showing the coordination of these sites. From the atomic positions interatomic distances were calculated and selected values are given in Table 9 . The mean M 1-0, M 2 -0 and Si -0 distances are plotted in Figure 3 together with values rcported in the literature. Within the same composition no differences in the bond length of the mean M 1 -0 and M 2 -0 distances are to be observed implying that there is no correlation between KD and the bond length. The same observation holds for the bond angles, which are tabulated in Table 10 .
c) Temperature factors
Anisotropic temperature factors were included in the refinement, and the results are included in Tables 8 and 9 . We realize that the temperature factors (2) 38 (2) 31 (1) 37 (3) 31 (1) (2,2) 51 (2) 69 (3) 66 (3) 54 (3) 67 (3) 57 (2) (3,3) 9(4) 7(6) 7(7) 9.5(5) 7.9(5) 9.0 (2) (1,2) (3) 21 (3) 38 (2) 46 (5) 36 (2) :0 rD (2,2) 46 (4) 66 (5) 60 (5) 50 (4) 60 (5) 55 (3) (2) 1 (2) 1 (1) 1 (1 ) 1 (1) f3 (1,1)~. 03 37 (2) 37 (2) 19 (2) 37 (2) 40 (4) 33 (1) :3 rD (2,2) 46(3) 69 (3) 59 (3) 49 (3) 64 (3) 51 (2) 0 .., (3, 3) 14 (5) 13 (5) 19(6) 13.9(5) 12.7(6) 13.5(4) (1,2) for the buffered crystals are larger than those for the original natural crystals FE 10 and FE 12. Since a change in KD means an exchange of Mg and Fe between the sites M 1 and M2 this process may well introduce structural defects and therefore higher vibrational coefficients. Figure 2 allows one to see this anisotropy of the polyeder M 1, M 2 and Si with the surrounding oxygen atoms.
d) Extinction
Some strong low angle reflexions showed large discrepancies in the first stages of the refinement. A correction for isotropic secondary extinction was therefore included in the refinement according to Zachariasen (1968) . The results are included in Tables 7 and 8 . The buffered crystals have larger g-values than the natural untreated crystals, indicating that the process of buffering introduces structural defects, which is not surprising.
e) Charge density
Wenk and Raymond (1973) have calculated approximated formal electrical charges for each atom from the refined scale factors. Such results cannot be conclusive and accordingly their calculations did not converge. The proper way to calculate the formal charge of the Si04 tetrahedra is by interpretation of the electron densities from difference Fourier maps as shown in Figure 4 . We have studied recently bonding features and point charges in the [S206]2-complex of Na2S206. 2 H20 (Kirfel, Will, and Weiss, 1979) and in the [S04F-tetrahedron ofCaS04 (Kirfel and Will, 1980) and we have applied this method also to the [Si04]4-tetrahedron.
Different structural models based on the refined multiplicity factors for Si and oxygen were selccted and 03 03 Fig. 4 . Electron density distribution from difference rourier maps on the connections Si -0 in the Si~. tetrahedra.
Only the positive contours are drawn at intervals of 0.025 el/A 3 in addition we included point charges (f = 1.0) on the Si -0 bonds in the refinement. These calculations verify the picture of the four fold negative Si04-tetrahedron with covalent charge distributions on the Si -0 bonds leading to Si +0.5 for the silicon atoms, to 0-0.52 for the oxygen atoms and to covalent charges of 0.6 electrons on the Si -0 bonds. Further experiments are now under way to calculate difference Fourier maps also in other sections in order to establish precisely the charge and valence distributions in the [Si04J4-tetrahedron and around the M 1 and M 2 sites.
Discussion
In recent years several authors have investigated the possibility to use the Mg -Fe distribution as a means of obtaining information on the temperature of crystallization and also on the equilibrium cooling history of minerals. In the case of pyroxenes and amphiboles (Ghose and Weidner, 1972; Virgo, 1974, 1975; Virgo and Hafener, 1969) , such investigations revealed a correlation between the cation distribution and the genesis of the crystals. Decreasing temperatures induce a migration of Fe2 + from positions with small volumes to others with greater volumes. The cation distribution is thereby influenced by factors such as coordinating ligands, charge balance considerations, poly hedron distortion, electronegativity, or polarizability of the cation and ionic radii involved (Bancroft and Burns, 1967; Burns, 1970;  Fisher, 1966; Finger, 1969) . This result is in agreement also with Parthe's observation (Parth6, 1969) of anion packing, where the filling of vacant sites should mainly depend on the ionic radii of the inserted cations. In addition, Burns (1970) showed that Fe2+ is most stable when it occupies the most distorted site. This picture works well in explaining the cation distributions in pyroxenes and amphiboles, but it fails in the case of olivine crystals. Here the exchange takes place between two octahedral coordinated sites of only slightly different volume (M1/M2 = 0.95) and no correlation could be found between the measured Mg/Fe cation distributions and temperature conditions or/and genetical conditions (Burns, 1970; Bush, Hafner, and Virgo, 1970; Finger and Virgo, 1971; Smyth and Hazen, 1973) . Burns (1970) concluded from metamorphic olivines that the cation radii might be responsible for the detected order, and gave an explanation with crystal field theory. When further investigations on volcanic and lunar olivine crystals showed just the opposite behaviour the size argument had to be given up and temperature was considered of importance for the cation distribution. But high temperature experiments did not lead to a significant change of the ordering in olivine crystals (Virgo and Hafner, 1972; Smyth and Hazen, 1973) .
On the other hand it was realized from measurements of electrical conductivities on olivines and pyroxenes by Will et al. (1979) , that the prevailing oxygen fugacity strongly influences the physical properties of these crystals.
With this in mind we checked some olivine crystals for their petrological history. Different pOz conditions during crystallization were assumed by Frechen (1963) and Vieten (1973) from their fairly well known petrological past. The influence of the oxygen fugacity on the KDcould then be confirmed byX-ray investigations (Will and N over, 1979) . Higher iron concentration on Ml (KD> 1) is correlated with a decrease of pOz. This result could be further substantiatedexperimentally by exposing these crystals to low (10-ZI bar) and high (10-16 bar) oxygen partial pressure conditions (Will and Novcr, 1979) .Treating the same crystal twice, first with low and then with highpOz conditions led to a significant change of the KDvalue. At the same time also a dependence of the equilibrium cation distribution on the exposure time could be detected. The results accumulate so far tend to show a nearly linear dependence of KDVS.pOz, and this allows also an interpretation of previous results of other authors. The experiments reported in this paper seem to indicate that the cation distribution in olivine crystals is determined by the prevailing oxygen partial pressure and can be influenced by applying externally different pOz conditions. Further experiments are now under way to calculate difference Fourier maps in order to establish precisely the charge and valence distributions around the M 1 and M 2 sites. Such calculations will also make sure, that there is no migration ofMg or Fe out of the crystal or into vacant octahederal lattice positions by the buffer treatment. With the limit of detectable electron differencedensities of about 0.05eljA 3 it should be possible to detect such migrations. The calculations are done by scaling the electron densities at the positions M 1 and M 2 to the density of the unaffected SiO 4 tetrahedra as an internal standard. The first calculations performed for all crystals gave no lossofMg and Fe during buffer treatment, e.g. all Mg and Fe could be found again in M 1 and M 2 after buffering.
The increase of the electrical conductivity under different pOz conditions is produced by an increase of the Fe3 + concentrations in these crystals (Duba, Heard, and Schock, 1974; Will et al., 1979) . The concentration of FeH in all crystals was beyond the experimental limit and these findings indicate that the chosen thermodynamic parameters gave no reason for detectable higher Fe3+ concentrations. In addition we have checked the Fe3+ concentration by
M6Bbauer measurements, kindly performed by Professor Hafner and Dr. Amthauer, Marburg, leading to less than [y = 2 xl0-Sjmol = (FeFc)j4]Fe3+ concentrations at 800 C.
